The mixture of socio-economic classes, ethnicities, and cultures that characterizes many cosmopolitan urban areas can contribute to unequally perceived impacts of extreme weather events and, hence, need and responsibility for adaptation. Awareness of these differences is, as we argue, decisive for effective adaptation. This study explores the relationship between person-specific, socio-economic characteristics that are frequently associated with social vulnerability and the perception of current affectedness by extreme weather events, future impact severity as well as adaptation need and adaptation responsibility. We use a large online questionnaire survey from New York City studying two extreme weather events, heatwaves and heavy rainstorms. We find that previous harm is the most important factor across all tested models for both weather events. However, previous harm and affectedness do not well explain the perception of future impacts, whereas they correspond to views about adaptation responsibility; respondents who felt significantly more affected in the past perceive the community to be in charge of adaptation. Women (during both weather events) and the elderly (during heatwaves) state largest affectedness during past events, and see the community as being responsible for future adaptation. Hispanic and African American respondents, on the other hand, were identified to perceive adaptation to be more of an individual task-potentially related to previous experience with (a lack of) local government services in their areas. Our findings evoke equity questions, and can aid urban decision makers aiming to implement effective and just adaptation measures, targeting vulnerable socio-economic groups in New York City and potentially other cosmopolitan areas.
Introduction
Over the last 20 years extreme weather events, such as storms, extreme temperature events, and floods were the deadliest weather-related phenomena in the world [1] . These three weather-related events are also the most deadliest in the United States [2] with heatwaves topping the list of the 30 year average, storms being number one of the 10 year average, and floods having caused the most fatalities in 2017. Urban areas are particularly susceptible to weather-related hazards since they are densely populated, reliant on transportation and vulnerable to utility outages [3] . For example, New York City (NYC), the largest metropolis of the United States faces the largest future health risks from increasing temperatures/heatwaves and coastal storms with flooding [4] .
Impacts of heatwaves and coastal storms are usually stratified across the population, in particular in cities-characterized by a diversity of people regarding socio-economic backgrounds, ethnicities, and cultures-with a strong relation to social vulnerability [5] . For example, heat-related risk is linked to both intrinsic person-specific factors (e.g. age, sex, ethnicity, disabilities, and medical status) and extrinsic socio-economic factors (e.g. socio-economic status, gender, education, living and working location and conditions) [6, 7] . Romero-Lankao, Qin [8] found altogether 13 variables commonly used to examine vulnerability to temperature-related hazards, including hazard magnitude (i.e. temperature level), population density, age, income, gender, pre-existing medical conditions, minority status, education, poverty, acclimatization, and access to home amenities such as air conditioning and swimming pools. Similar factors are often assumed to influence the vulnerability to rainstorms, but with a stronger focus on locational factors, such as the presence of impermeable surfaces, the scarcity of green spaces, inadequate or clogged drainage systems, and the ill-advised development of housing on marshlands, flood plains and other natural buffers [7] .
Climate change adaptation, 'the process of adjustment to actual or expected climate and its effects' [9, p 1758] , is well underway in NYC [10] . Influenced, among other reasons, by experiences with hurricane Sandy and to a lesser extent hurricane Irene recent adaptation planning concentrated on the rehabilitation and stabilization of the waterfront. Both events demonstrated the devastating impacts a lack of preparedness to coastal storms can have in terms of human health and well-being as well as property damage. The city of New York is also slowly but increasingly acknowledging the potential of serious impacts of heat. It has recently implemented various heat preparedness actions and, for example, operates cooling shelters throughout the five boroughs during heat emergencies [11, 12] .
However, although in particular heatwaves pose a major future climate-related hazard in NYC, adaptation planning and policy actions to the risk of heatwaves as compared with heavy rainstorms is far less extensive. Local planning documents to heat adaptation are fewer, although climate projections suggest that heatwaves will approximately triple in frequency by the end of the century compared to current conditions [13] . Excess heat-related deaths due to heatwaves are expected to increase by 47%-95%-with a mean of 70%-for the NYC area from 1990 to 2050 [14] . Precipitation is expected to decrease overall for the North-Eastern region of the United States [15] . However, seasonal increases in winter precipitation may in some instances put a burden on areas that are already exposed to flooding and other rain-related hazards [16] .
Moreover, it is documented that some adaptation measures already in place in NYC, e.g. cooling centers, are only used by a fraction of those in need, e.g. the vulnerable populations [11, 12] . Although heatwaves pose a major risk to urban populations [17] , particularly when air conditioning and other short-term remedies fail, it might be perceived as less of a risk as their impacts are subtle, private, and not structural [18] . We need to conclude that the adaptation challenge is enormous [19] [20] [21] , in particular with regard to the documented underutilization of existing adaptation measures.
Scholars argue that, in order to deliver effective adaptation, adaptation actors need to assume specific and clear roles [22, 23] . The question on roles and responsibilities is crucial, in particular with regard to the protection of the most vulnerable that may lack the means to protect themselves, evoking the question 'whether the protection of vulnerable individuals should be an individual or a collective responsibility' [24, p 1065]. Eisenack and Stecker [25] and Eisenack, Stecker [26] define three types of actors based on location factors: the exposure unit, the operator, and the receptor of adaptation. Mees, Driessen [22] see responsibilities as mainly divided by type of governance entity (public versus private)-the most common distinction. According to that division and a study of European and North-American cities, local governments play the primary role in adaptation while private entities have a less pronounced role [22, 27] . This reflects the widely held assumption in adaptation science that adaptation should take place at the local government level [28] . However, while such a division is seldom clearly defined in practice, it reflects a corresponding debate among citizens, as, e.g. found with respect to the responsibility for health care in the Netherlands [24] . And, while local governments may be in the driving seat in the stage of policy emergence [27, p 374] it is envisaged that 'with the maturation of the policy field and the expected acceleration of climate impacts K local public authorities need to more actively engage the different private actors such as citizens, civil society and businesses' [27, p 374] . This would allow responsibilities to be shared and all of society's resources to be fully exploited: 'active involvement of all societal actors might overcome problems of inefficiency and raise the legitimacy of adaptation action' [22, p 305] .
If private actors are to be more actively engaged in adaptation processes one question is whether and how citizens see and perceive their role in adaptation. In particular it was argued that understanding perceptions of adaptation responsibility and roles may help explain the documented lack in using of provided adaptations in New York [11, 12] and other cities [29] . Research in Australia shows that citizens may not view themselves as passive players in climate adaptationresults of a climate change engagement program showed that many people want to act and be engaged [21] -but that residents lack procedural knowledge of or have diverging views on how to adapt [30] . For example, in a coastal community in central Victoria, opinion among community members ranged between: 'retreat is the only option' and 'there will not be much leaving' [30, p 350].
Such diverging views may be related to differential impacts across various socio-economic groups of residents and across different weather events [31] , as local experiences of impacts play an important role in adaptation [22, 23, 30, [32] [33] [34] [35] . Indeed, whereas a growing body of research in NYC focusses on quantifying mostly infrastructural, sectoral impacts of heat and coastal storms [36] [37] [38] [39] [40] , the public perceptions of the related risks and vulnerabilities as well as attitudes towards adaptation needs and responsibilities are yet to be understood [41, 42] . Views of stakeholders and perceptions of residents constitutes a vitally important aspect for the effectiveness and the legitimacy of adaptation [22, 30] . Therefore, we ask: (1) How were impacts of heatwaves and rainstorms perceived by different socio-economic groups in NYC in the recent past?, (2) According to citizens views, which sectors are most impacted and therefore most in need of adaptation in the future?, (3) What is the perceived responsibility of citizens and of communities in adaptation?
To do so, we investigate experienced impacts and perceived future impact severity, adaptation needs and adaptation responsibility for heatwaves and heavy rainstorms in NYC, and how these factors are influenced by different levels of social vulnerability. NYC serves as case study due to its diverse demographics and experiences with extreme weather in the recent past.
Materials and methods

Data collection and processing
The main data source is an online questionnaire survey on the perception of impacts and adaptation responsibility of heatwaves and heavy rainstorms conducted in NYC. The term heavy rainstorm was used in reference to both hurricanes and Nor'easters, the most numerous weather conditions entailing storms with flooding in NYC (see above). We used the term heavy rainstorm in a generic way drawing on the perception of the respondents, instead of providing a scientific definition that would relate the hazard to an abstract, scientific concept.
The survey was conducted from 5 November to 8 December, 2013, and supported by the Center for Research on Environmental Decisions (CRED), Columbia University, protocol IRB-AAAK2162 (Y1M04). The implementation of the online questionnaire survey was done by Qualtrics Survey Providers, using their survey software and sample procedures [43] .
The sampling frame consists of the five counties and boroughs of NYC-Bronx, Kings (Brooklyn), New York (Manhattan), Queens (Queens), and Richmond County (Staten Island), initially targeting 100 respondents from Staten Island (the maximum number of respondents Qualtrics could assure to generate there) and 200 respondents from the other boroughs.
The survey was conducted with a randomly selected sample-representative of the NYC adult population with regard to gender and age (supplementary material (SM) 1 is available online at stacks.iop.org/ERL/ 14/014010/mmedia). However, as in other online surveys, it is difficult to make an informed judgment about the response rate [44] . Survey providers do not provide this information. The software registered more than 1200 attempts (complete and incomplete questionnaires), of which 935 were completed correctly-meaning that approximately 22% of respondents did not finish. After rigorous automated and manual quality control the sample contained N=762 fully completed and valid responses. Automated quality control included checks of the IP address, a captcha code, a valid ZIP code and attention questions as well as the need for completeness. Manual quality control comprised of checking the understanding, truthfulness (sorting out respondents that put in a random selection of letters, such as 'asdddrftsfgg') and reliability of responses (via internal consistency, asking for similar aspects in two different questions). Automated and manual quality control reduces concerns about the quality of the online questionnaire data to a minimum.
Respondents were compensated according to Qualtrics policy, and received 4 US$ per completed questionnaire. The survey lasted for about 30 min. It was drawn independently of any other sample drawn for surveys in the area previously. Participants had to provide informed consent. The questionnaire comprised of maximum 68 questions (depending on previous answers the questionnaire differed in length), open-and closed-ended, multiple or single choice. Questions were clustered into groups/sub-groups, each providing indicators of either impacts (or impact interactions, not analyzed here), adaptation, or socioeconomic characteristics of the respondents. Order effects were accounted for, i.e. answers for multipleresponse questions were randomized and blocks of questions regarding extreme events (i.e. asking for heatwaves or heavy rainstorms) were shuffled. The questionnaire is provided as SM5. Table 1 provides an overview of variable dimensions, time horizons, variables, indicators and data types.
Data analysis
Tests for associations between the dependent variables, i.e. impact and adaptation dimensions (#1, #2, #4-#7 in table 2) and the independent, socioeconomic variables (#8 to #14 in table 2) included:
(1) Linear regression (testing associations between a continuous dependent variable given two or more independent variables assuming a normal probability distribution).
(2) Ordinal logistic regression (testing associations between an ordinal dependent variable given one or more independent variables assuming a multinomial probability distribution).
(3) Loglinear regression (testing associations between a dependent variable that consists of 'count data' given one or more independent variables assuming a Poisson probability distribution) [45] .
Detailed descriptions to the definition and processing of the dependent and independent variables are provided in SM1. The independent predictors are either categorical variables (dichotomous or multinomial) and therefore entered as factors (gender, ethnicity, building conditions, income) or continuous (scale or interval) and therefore treated as covariates (age, household structure, social networks, previous harm). Factors are transformed into dummy variables (of 0/1) to allow an easier interpretation of the results. For example, income (household and personal income) is treated as categorical data of two categories, testing differences between low versus medium-high incomes. For personal income, 'low' is defined as income up to 20.000 US$/year and medium-high is defined as income above 20.000 US$ per year 5 while the respective cut-off for households is 50.000 US $/year. 'Previous harm/damage (last 10a)' was treated as socio-economic characteristic and added as independent covariate, as it relates to social vulnerability decreasing a person's adaptive capacity in the future [47, 48] . It is defined as either 'damage to the property', 'lost income', 'health-related damage', and/or 'other harm' having occurred during a heatwave or heavy rainstorm over the last ten years.
The model as a whole was evaluated via an omnibus test, checking whether all the independent variables collectively improve the model over the intercept-only model (reported as Likelihood Ratio Chi square with p values). Tests of significance of individual regression coefficients are performed via the Wald chi-square statistic. We report the standardized coefficient Exp(B), the odds ratio, as well as the exact p values. Other test parameters, such as Wald Chisquare and confidence intervals can be found as SM3. The analysis was carried out using SPSS Statistics 23.0. Figure 1 shows descriptive statistics for indicators relating to past experiences. Overall, respondents feel having been more affected by heatwaves than by heavy rainstorms-even though more respondents claimed harm/damages from heavy rainstorms. For example, 19% of respondents reported to be very much affected by heat (1a), and 14% by its secondary impacts (1b); while these numbers are 12% and 10%, respectively, for heavy rainstorm. Harm/damages from heatwaves were mostly health-related (49% of heat damages; 1d). In contrast, heavy rainstorms caused more damage to property and resulted in more lost income (41% and 31% of damages, respectively; 1d).
Results
Descriptive statistics to perception-related questions about the future are shown in figure 2. Respondents were slightly more worried about impacts of heavy rainstorms than heatwaves (14% and 12%, respectively) in the next 20 years (2a), although most respondents were only somewhat worried about these (approximately, 24%). This co-aligns with the perception to the severity of future impacts. Personal and family impacts due to both heatwaves and heavy rainstorms in the future are perceived to be not very to somewhat severe (M=2.43 and M=2.49, respectively). The largest future impact of heatwaves was perceived to relate to plant and animal species (M=3.21); the largest impact of heavy rainstorms was perceived to affect NYC in general (M=3.22; 2b).
Regarding adaptation, most respondents believe that more individual efforts are necessary to protect themselves against both, heatwaves and heavy rainstorms (26% and 27% of respondents; 2c). Fewer think much more individual adaptation is necessary (9% and 11% of respondents for heatwaves and rainstorms, respectively; 2c). Respondents perceive a higher need to individually prepare against rainstorms; accordingly, more respondents feel that they do enough when it comes to heatwave adaptation (13% of respondents feel to do enough, as compared with 11% for heavy rainstorm; 2c). In comparison, the need for communities to invest in adaptation is generally regarded somewhat to very important (2d). For heatwaves, respondents see the largest adaptation need when it comes to the electricity (M=3.76), the water supply (M=3.72) and the health sector (M=3.70). The largest adaptation need for heavy rainstorms is related to the drainage and sewer system (M=3.86), the electricity system (M=3.86), and the subway and rail systems (M=3.85; 2d).
Regression analyses (table 2, SM3 and SM4 for full results) reveal that for experiences with and perception of heatwaves are related to previous harm, ethnicity, income, gender, and age. Previous harm is significantly associated with all impact and adaptation dimensions tested and has large effects on the dependent variables. Previous harm is the most potent predictor in this study.
Ethnicity is decisive for the number of heatwave impacts mentioned, the perception of severity of future impacts from heatwaves as well as for individual adaptation responsibility. Income levels are important for the perception of future impacts. Respondents with larger household budgets are 12% less likely to perceive impacts as severe [Exp(B) =0.888]. Age significantly relates to affectedness by heatwaves and its secondary impacts as well as to adaptation responsibility of communities. All three dimensions increase with age, though the effects are small.
Gender plays a role for direct heatwave affectedness and adaptation responsibility. Females are 34% more likely to be more affected during heatwaves than men [Exp(B) =1.336] and 16% more likely to view the community as being (one unit) more important for adaptation than men [Exp(B) =1.161].
Regarding heavy rainstorms a number of predictors are similar. For example, previous harm is again the most important factor, being significant across all impact and adaptation dimensions tested. The strongest relation also exists with regard to worry about the future [Exp(B) =2.041], though being slightly weaker than as compared with heatwaves.
As regards ethnicity, being of African American descent makes it 115% more likely to regard adaptation during heavy rainstorms as (one unit) more of an individual task [Exp(B) =2.154]. Similarly to heatwaves, an ethnic dimension is the second most potent and influential factor among all models tested for heavy rainstorm.
Household and personal income are also potent predictors for heavy rainstorms, particularly relating to the impact dimensions. Comprehensibly, women view adaptation as being more of a community responsibility than men [Exp(B) =1.112]; being a women raises that likelihood by 11%.
The associations between past affectedness and the perception of future impacts and adaptation responsibility also reveal interesting patterns. Table 2 shows that affectedness does not well explain the perception of future impacts, but correspond to views about the role of communities in adaptation. Respondents who felt significantly more and directly affected by past heatwave and heavy rainstorm events believe that the community should invest more in and hence is responsible for adaptation.
Discussion
The study was driven by three research questions, which will structure the discussion section.
(1) How were impacts of heatwaves and rainstorms perceived by different socio-economic groups in NYC in the recent past? The analysis reveals that more people are very much affected by heatwaves as compared to rainstorms, but that rainstorms affect more people somewhat. Impacts of heatwaves should therefore not be underestimated; they are different in nature. Heatwaves cause more healthrelated damages-which apparently are perceived as a stronger effect-than, e.g. property damages and lost income, as seen during rainstorms. This is an important policy-relevant finding and shows that impacts should not only be measured in terms of structural damage, but also other outcomes such as health and well-being [49] . After all, heatwaves cause more fatalities in the United States than other climate hazards [50, 51] . Gender, age, the number of friends in the building, and personal income significantly determine the strength of affectedness. Females perceive to be significantly more affected than men during both weather events. Age is (only) significantly related to the impact of heatwaves. This is in line with other studies of heat risk in major US cities [52, 53] and around the globe [6, 7] . Number of friends is (only) significantly related to heavy rainstorms, and may show that recent hurricane Sandy affected residents in larger buildings and larger households (not statistically significant), though not necessarily families. Also a large personal income is positively related to affectedness by (secondary) impacts of rainstorms. (2) According to citizens views, which sectors are most impacted and therefore most in need of adaptation in the future? Respondents are slightly more worried about heavy rainstorms than heatwaves in the futuredespite the contrary as regards affectedness in the recent past. Such findings may be influenced by the recent damages of Hurricane Sandy, which are vividly remembered and not yet overcome [55] . It also suggests that affectedness does not directly correspond to perceptions of future impacts. Such finding may be explained with an optimism bias or valence effect-a cognitive bias that causes a person to believe that they are less at risk of experiencing a negative event compared to others [62, 63] -or to the cognitive bias called gambler's fallacy [64] -the mistaken belief that, if something happens more frequently than normal during some period, it will happen less frequently in the future. These and other cognitive biases have been frequently documented in perception studies on climate change [33, 34] . Adaptation need, i.e. severity of future impacts, is influenced by ethnicity, gender, income and the availability of A/C. African American and Hispanic respondents see a significantly larger adaptation need during heatwaves, while being insignificant as regards rainstorms. Women indicated a significantly larger adaptation need and worry about the future for rainstorms. Interestingly, a large household income decreases the perceived severity of future impacts as well as worry about the future in our study, whereas a large personal income increases these aspects, respectively. The directional change in the relation might be an education effect or information bias, with more educated and informed people (usually having higher incomes) also being more worried.
(3) What is the responsibility of citizens and of communities in adaptation?
Overall, the perception of individual adaptation responsibility is regarded to be higher during heavy rainstorms and lower during heatwaves ( figure 2(c) ), contrary to stated previous harm and affectedness and although one would assume that the means of personal adaptation are higher when it comes to heatwaves. Community education programs, particularly with focus on explaining the life threatening impacts heat can have as well as the substantial steps individuals can take to prevent these could be beneficial for raising awareness [65] . Such programs can also increase utilization of heat adaptation measures currently in place, such as cooling centers [11, 12] .
Ethnicity and previous harm are shown to significantly influence views on individual adaptation. Gender, age and previous harm are significantly related to views on community adaptation. With that, adaptation responsibility relates more to affectedness and previous harm than to the perception of future severity of heatwaves and rainstorms.
Respondents who state having been significantly more affected by heatwaves (elderly and females) and heavy rainstorms (mostly females) see the community in charge of adaptation, i.e. not the responsibility with the individual. This might e.g. explain why cooling centers are insufficiently used (going there is an individual action) and reflect an adaptation need that is currently not met. In contrast, people of Hispanic descent (during heatwaves) and African Americans (during rainstorms) regard adaptation to be more of an individual responsibility. Although these groups did not report to be significantly (more) affected they might be vulnerable. Martin [66] determined general social vulnerability factors in American cities through metaanalysis and found 'being of color' to be a particular driving force. Other studies also show that people of color are more at risk than other city dwellers because the housing they can afford tends to be located in environmentally riskier areas and of poorer quality [67] , and because local governments overseeing such neighborhoods often fail to establish and maintain proper services [67] . As a consequence, people in such neighborhoods may choose to rely on themselves-an important finding. This is different from the results of other studies, e.g. in the UK and Ireland. There, the lack of government support led to a form of helplessness among citizens and subsequently unwillingness to take on personal responsibility for adaptation (in that case flood protection) [23] .
The latter findings are important for two reasons: first, it is known from the disaster literature that extreme events are likely to have the most devastating impacts on the already vulnerable [66, [68] [69] [70] . Therefore, addressing the needs and improving the resilience of previously affected communities and subgroups is likely to be particularly beneficial in preventing impacts from repeated exposure to weather hazards [66] . Second, improving individual resiliency to heat and rainstorms among already affected populations may be particularly effective due to their increased sense of adaptation responsibility, in particular as regards community but also individual adaptation. The positive relation between harm from previous disasters and adaptation has also been shown in other studies [29, 32, 35] , while potential future risk does not seem to play a substantial role in adaptation [71] .
Our study has limitations that relate, e.g. to the use of online questionnaires. Online questionnaire surveys have found to be less likely than other survey forms to reach the elderly population, racial or ethnic minorities, unmarried, less educated, or highly affluent people [44] . In addition, females are often more likely to exhibit information-seeking behavior and participate in questionnaires [72, 73] . While our sample was not found to be under representative of the elderly population and had roughly the same distribution of males and females (SM2), it was under representative of the African American, Hispanic, Asian and Native American populations, similarly to other nonprobability online surveys [44] . However, participants in our survey had a higher income compared to other online surveys [44] . It is possible that the participation of individuals with higher income is due to self-selection bias. Previous research has indicated that low income individuals ($30 000/year) can be less likely than higher income individuals (>$30 000/year) to be aware of climate change [74] . Thus, higher income individuals may have been more interested in responding to our questionnaire. However, the data were not subsequently weighted for analysis. Moreover, we acknowledge that some of the indicators are highly place-specific, i.e. indicative of the NYC socioeconomic environment.
Conclusion
This study investigated the relationship between experienced impacts, and perceived future impact severity, adaptation needs and adaptation responsibility for heatwaves and heavy rainstorms in NYC, and how these are influenced by different levels of social vulnerability. With that the study aims to support NYC authorities and individuals in climate change adaptation, in particular an increase in adaptation effectiveness and an equitable and just adaptation approach. Views of stakeholders and perceptions of residents constitute vitally important aspects for the effectiveness and the legitimacy of adaptation.
The findings show that working towards more equitable and just adaptation policies for heatwaves and rainstorms needs to address different social groups and vulnerability markers. Overall, effective and just adaptation is not an easy task and should not be understood as a one-size fits all activity-context matters [23] . We show that previous harm strongly affects views on adaptation responsibility-women and elderly, both groups significantly affected by previous events, see a greater responsibility of communities in adaptation. In contrast, Hispanics and African Americans perceive adaptation to be more of an individual responsibility, relying on themselves, potentially as a consequence of failing local government arrangements. Considering all findings and implications we conclude that in order for adaptation policies to be effective they need to consider previous harm and differential social vulnerability, specific to the weather event. This allows to harness an increased sense of adaptation responsibility among already affected populations, prevent impacts from repeated exposure, and leads to more just designs and implementation of adaptation measures.
Though we believe that the presented findings are relevant for other urban agglomerations, in particular in the US, similar studies to the conditions of adaptation effectiveness in other political, cultural and social contexts constitute an important direction of future research.
